Contemporary chirped-pulse-amplified high-power laser systems rely on meter-sized diffraction gratings for pulse compression. Fabricating large gratings is a bottle-neck problem. We developed a multiple-holographic-exposure method to fabricate large monolithic gratings. In consecutive exposures, the attitude of the photoresist-coated substrate is monitored and adjusted by using two interferometers with a He-Ne laser, and the relative position between the substrate and the exposure interference fringes is adjusted by using the interference fringes between the diffraction orders of the latent grating with the exposure beams as the incident beams. A mosaic grating with a size of 80×50 mm 2 was fabricated, and the wavefront aberration of the 1 st -order diffraction wavefront in the mosaic area is better than λ/10 PV @633 nm.
Introduction
Large-aperture diffraction gratings play an important role in many technical fields. One application is the contemporary chirped-pulse-amplified high-power laser systems that rely on meter-sized diffraction gratings for pulse compression. How to fabricate large gratings is currently a bottleneck problem, the main difficulty being the attainment of large aperture laser beams with collimated and aberration free wavefront as well as stable and sufficient light powers for holographic exposure. To acquire a greater than 1 m size exposure system is both technologically and financially impractical.
The above difficulty faced by the single-exposure approach can be avoided by a multipleexposure approach, which includes the scanning beam interference lithography (SBIL) technique [1] first developed at MIT and the phase synthesis technique proposed by Turukhano et al. [2] . The former has successfully produced gratings of size 910×420 mm 2 , which is the largest size to date. The SBIL system is very complex incorporating many high accuracy control techniques. The latter is used to make the holographic metrological gratings. Several reference gratings are used for alignment. In contrast to SBIL, the phase synthesis technique writes a grating by two expanded and collimated interfering beams in a small number of consecutive exposures. Thus, a large grating is fabricated as a mosaic, which we call holographic mosaic or optical mosaic.
In an earlier work of our group [3] we made an optical mosaic grating by consecutive, phaseinterlocked, holographic exposures using diffraction from the latent grating rather than from the reference gratings as in [2] . (Holographic exposure of a photoresist film creates a weak volume grating whose diffraction efficiency is very weak, typically of the order of 10 −6 , but detectable; hence the term latent grating). We used a separate laser of red wavelength to generate alignment interference fringes between the 0 th -and 1 st -order diffractions of the latent grating (henceforth called latent grating interference fringes). Because the photoresist is insensitive to red light, we had unlimited time to align the substrate before the next exposure without harming the already formed latent grating. Unfortunately, the phase drift of the exposure beams (laser) and that of the alignment beams (laser) differ, which may lead to large mosaic errors. We now propose an improved technique that generates latent grating interference fringes using the same exposure beams that create the latent grating in the first place. The optical system, alignment procedure, and experimental results are presented.
Optical Setup and Alignment Procedure
In the optical mosaic technique after one area of the substrate is exposed, another area is moved into place for the next exposure. Between consecutive exposures, the attitudes of the substrate should remain the same, so that the different sets of recorded interference fringes are parallel to each other, and the grating periods are same. We refer to this condition as attitude condition. Moreover, the distance of the substrate movement in the direction of the grating vector relative to the exposure interference fringes should be properly phased, namely, equal to an integer multiple of the grating period. We refer to this condition as phase condition. A perfect optical mosaic grating should meet both attitude and phase conditions. Our optical setup for making an optical mosaic grating is depicted in Fig. 1 . It is used to perform four functions: generating the interference fringes for exposure, locking the phase of the exposure beams, monitoring and adjusting the attitude of the substrate to meet the attitude condition, and measuring and adjusting the phase of the exposure beams to meet the phase condition, which are described in the next four paragraphs.
The exposure light source is a Kr + ion laser. The two exposure beams are shown as dash-dot lines going through the two big lenses. The beam axes are in a plane parallel to the surface of the optical table. A Cartesian coordinate system is set up so that its xoz plane contains the two beam axes and its z axis bisects the angle formed by the two beam axes. The line segments AC and BC, which are fixed in laboratory reference frame and run through the point where the two exposure beam axes meet, represent areas of uniform interference field for the first and all subsequent exposures, respectively. The photoresist-coated substrate G is mounted on a translation stage equipped with fine attitude adjustment mechanisms. The surface normal of G is in the yoz plane, and in order to extract alignment information from the latent grating it is tilted upward a little (about 2 degrees) with respect to the z axis. The line-shaded section of G denotes the area that has been exposed, and the dot-shaded section denotes the unexposed or to-be-exposed area. The upper G represents the position of the substrate for the first exposure, and the lower one represents the position for the second exposure. The two positions in reality are on the same line, but they are shown shifted for illustration purpose. Points A′ and C′, which are fixed on the substrate, coincide with points A and C, respectively, before the substrate is translated. After translation, point C′ is aligned with point B.
The phase-locking system includes the mirror M 1 glued on a piezoelectric transducer (PZT), the reference grating G r , and the CCD camera CCD 1 . G r is fixed on the optical table below G. To reduce phase drift during each exposure, the phase of the exposure interference fringes is locked on an area of the beginning of current exposure. The fringe pattern generated by the exposure beams via G r is taken by CCD 1 . Based on the instantaneous fringe position a feedback voltage is supplied to PZT by a D/A board to adjust the phase of exposure interference fringes. Figures 2a and 2b shows the fringe patterns without and with fringe locking, respectively. In each figure the left side shows the fringes at the beginning of the exposure, and the right side shows a real time fringe image during the exposure.
Adjusting the attitude of the substrate is very important for ensuring that the grating grooves are parallel and the periods are the same for two consecutive exposures. The attitude includes three angles: tilt angle θ x (rotating G around the x axis), tip angle θ y (rotating G around the y axis), and in-plane rotation angle θ z (rotating G around the z axis). Among the three, θ z is the most important parameter. A θ z error renders the two sets of grooves unparallel between consecutive exposures. The θ y error is a cosine error, resulting in unequal grating periods. A θ x error does not directly lead to any harmful effects. Because the degrees of freedom in attitude adjustment mechanisms are not rigorous independent, it takes more time to adjust θ z and θ y . The attitude measurement system consists of two Michelson type interferometers with a separate laser of red wavelength. Their measurement arms involve mirror M 2 and the back surface of G. Right after the first exposure, the attitude of the substrate G is recorded by using two interferograms, denoted as F 1z and F 1y . F 1z is shown on the left halves of Figs. 3a and 3b. After G is moved to the second exposure position, its attitude changes due to straightness error of the translation stage. Two new interferograms are recorded and denoted as F 2z and F 2y . The right halves of Figs. 3a and 3b show F 2z before and after attitude is perfectly adjusted, respectively. Although not easily seen, the fringe widths in the two halves in Fig. 3a are a little different. Therefore, by using the red-light alignment interferometers, we can adjust the attitude of G.
Another important adjustment is the position of G along the x axis, or the phase of the exposure interference fringes. To meet the phase condition defined earlier, we can adjust either the position of G or the displacement of M 1 . Moving M 1 by using the PZT will change the phase of exposure interference fringe, and it is more convenient than moving the large substrate G. The phase shift can be monitored by using the latent grating generated by the preceding exposure. The phase adjustment system includes the attenuator F, the optical wedge W, the mirror M 3 , and the CCD camera CCD 2 . F is used to improve the contrast of the latent grating interference fringes recorded by CCD 2 , and W is used to steer the beam slightly to generate several interference fringes rather than a single null fringe. M 3 is mounted above beam B 1 , because the surface normal of G is tilted with respect to the z axis. In Fig. 4 the left half shows the latent grating interference fringes recorded before G is moved, and the right half after G is moved and the phase of the exposure interference fringes is adjusted. When the fringes in the two halves are aligned, the phase of exposure interference fringe for the second exposure is same as that of the first exposure, so the groove spacing between the consecutive exposures are equal to an integer multiples of the grating period. In order to avoid the latent grating in area labeled by D′C′ in Fig. 1 having a second exposure, the exposure interference field area AB is covered during the second and all subsequent exposures.
The procedure to make an optical mosaic grating and the time consumption for each step is shown in Table 1 . Steps 4 through 11 can be repeated until the whole substrate is exposed. The merit of using the latent grating interference fringes with the exposure beams rather than a separate alignment laser is that the mosaic error caused by the difference between the phase drift of the exposure beams and that of the alignment beams is avoided. Moreover, adjusting the phase of exposure interference fringes by moving M 1 using the PZT is very simple, so that the time for phase adjustment is much less than that for exposure and the harm to the latent grating can be greatly reduced. Ideally we should also use the exposure beams to adjust the attitude of the substrate. We do not do so, because we find that in our experimental system the phase drift is much greater than the wavefront variation (with respect to time) for both the Kr + ion exposure laser and the He-Ne alignment laser. Experimentally, adjusting the phase takes much less time than adjusting the attitude, and using a He-Ne laser gives us more time to tweak the attitude of the substrate without sacrificing alignment accuracy.
Experimental Results
We experimentally tested the principle of the proposed mosaic method. A substrate of size 110×80 mm 2 (x×y) is used for fabricating an optical mosaic grating. The size of the exposure beams is about 50×70mm 2 , with their bottom strips (about 50×10 mm 2 ) used for fringe locking. The first exposure area is 50×60 mm 2 and the observation area of the latent grating interference fringes is about 20×60 mm 2 , and the second exposure area is about 30×60 mm 2 . Figure 5 shows the 1 st -order diffraction wavefront measured by an interferometer. In Fig. 5a , area C′D′ was not covered during the second exposure, so that the shape of the grating grooves is different from the other areas, resulting in a little phase difference. As a comparison, Fig. 5b shows the mosaic grating for which area C′D′ was covered during the second exposure. The aberrations of the 1 st -order diffraction wavefront in the mosaic areas for the two mosaic gratings are better than λ/10 PV @633 nm.
Conclusion
We proposed an optical mosaic method to make large gratings, in which the substrate is exposed by relatively large, expanded, and collimated interfering beams in a small number of consecutive exposures. The attitude condition is satisfied by adjusting the attitude of the substrate with the aid of two interferometers of a red wavelength. The phase condition is satisfied by adjusting the phase of one of the exposure beams with the aid of the latent grating interference fringes generated by the exposure beams. This technique makes it is easy to separate the attitude errors from the phase error, meanwhile avoiding the mosaic error caused by the difference in phase drifts between the alignment laser and the exposure laser.
